In the vicinity of a tipping point, critical transitions occur when small changes in an input condition causes 14 sudden, large and often irreversible changes in the state of a system. Many natural systems ranging from 15 ecosystems to molecular biosystems are known to exhibit critical transitions in their response to stochastic 16 perturbations. In diseases, an early prediction of upcoming critical transitions from a healthy to a dis-17 ease state by using early warning signals is of prime interest due to potential application in forecasting 18 disease onset. Here, we analyze cell-fate transitions between different phenotypes (epithelial, hybrid epithe-19 lial/mesenchymal (E/M) and mesenchymal states) that are implicated in cancer metastasis and chemoresis-20 tance. These transitions are mediated by a mutually inhibitory feedback loop microRNA-200/ZEB driven 21 by the levels of transcription factor SNAIL. We find that the proximity to tipping points enabling these 22 transitions among different phenotypes can be captured by critical slowing down based early warning sig-23 nals, calculated from the trajectory of ZEB mRNA level. Further, the basin stability analysis reveals the 24 unexpectedly large basin of attraction for a hybrid E/M phenotype. Finally, we identified mechanisms that 25 can potentially elude the transition to a hybrid E/M phenotype. Overall, our results unravel the early warn- 26 ing signals that can be used to anticipate upcoming epithelial-hybrid-mesenchymal transitions. With the 27 emerging evidence about the hybrid E/M phenotype being a key driver of metastasis, drug resistance, and 28 tumor relapse; our results suggest ways to potentially evade these transitions, reducing the fitness of cancer 29 cells and restricting tumor aggressiveness. 30 Keywords: critical transition | indicators of critical slowing down | alternative stable states | epithelial-31 hybrid-mesenchymal transition | cancer biology 32 1 This article contains supplementary materials. 2 sudipta@iitrpr.ac.in 3 h.levine@northeastern.edu 4 mkjolly@iisc.ac.in 5 parthasharathi@iitrpr.ac.in Significance Statement 33
captures the formation of various miR-mRNA complexes by the binding/unbinding dynamics of miR and mRNA (see Fig. 1A ). The deterministic equations of the circuit which govern the combined dynamics of miR 104 (µ), mRNA (m) and TF protein (B) are given by:
where g µ and g m are the synthesis rates of µ and m, respectively, and g B is the translation rate of protein The corresponding chimeric tristable miR-200/ZEB circuit is modeled as:
where H s is the Hill function (details are in SI Text, Sections 1 and 2). 
where p(µ 0 200 , m Z , Z) is the grand probability function. The Eq.
(3) is a birth-death process for the proba- Section 3A). The stochastic trajectory of the system identifies the occurrence of critical transition between 120 different phenotypes and using critical slowing down based EWS we are able to forecast such transitions 121 beforehand. In the vicinity of a tipping point, due to decreasing resilience the system has stronger memory for perturbation in comparison to that of far from a tipping point and that are characterized by larger standard deviation (S.D.) and lag-1 autocorrelation (AR(1)). All other parameters for the circuit are given in SI. Fig. 2B (for A, B) and Fig. 3B (for C, D) , respectively. In (A, B) , the black slanted lines are fitted regression lines at lag-1.
Results and Discussion
also apply the cumulative number of significant Lagrange multiplier test (C) to the time series (Fig. 4B ).
218
The cumulative increases prior to the critical transition indicating that significant number of tests shows 219 conditional heteroskedasticity in the time series. For the transition to M to E state, we get similar result 220 ( Fig. 4C, D) .
221
Stochastic potential and basin stability analyses reveal relative stability of the three cell states 222 For a dynamical system, a potential well represents the existence of a steady state. Here, we projected the 223 stochastic potential of the system in ZEB mRNA -µRNA200 plane for different values of the parameter 224 SNAIL (Fig. 5) . The lowest value of the potential corresponds to the existence of a deep well and hence 225 subsequently the existence of a steady state. Here, for different SNAIL values, the stochastic potentials clearly 226 exhibit bistable/multistable states. Consistent with the deterministic dynamics of the system (Fig. 1B) , we 227 note the co-existence of E and M states (Fig. 5A) , the co-existence of all the three E, hybrid-E/M and M 228 states (Fig. 5B) , and the co-existence of hybrid-E/M and M states (Fig. 5C ). The details of the method used 229 to calculate the stochastic potentials are given in the SI Text, Section 7.
230
Given that the hybrid-E/M state has been proposed to be the 'fittest' for metastasis [41] and that we 
